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The primary objective of this study was to quantitatively describe size-dependent developmental trajec-
tories of commercially-relevant fibre attributes within maturing black spruce (Picea marina (Mill.) B.S.P.)
plantations employing hierarchical linear models. A stratified random sample design was deployed
within 5 density-stressed semi-mature plantations to obtain transverse breast-height radial xylem
sequences from 47 trees representing 5 basal area size classes (quintiles). The cumulative annual
ring-area-weighted moving average proceeding from the pith to the ith cambial age was calculated for
density, microfibril angle, modulus of elasticity, fibre coarseness, tracheid wall thickness, tracheid dimen-
sions (radial and tangential diameters) and specific surface area. Hierarchical linear regression models
were used to quantify size-dependent effects on these developmental trajectories: (1) at the first hierar-
chical level, compound exponential models were specified following the assessment of a set of candidate
functional forms; and (2) given (1), at the second hierarchical level, linear model specifications under
fixed and random error structures were used to account for potential size-dependent effects on the
first-level parameter estimates. In order to ensure statistically valid inferences regarding size-
dependence by employing radial sequences devoid of serial correlation, and provide an independent data
set for evaluating the parameterized models in terms of goodness-of-fit, lack-of-fit and predictive ability,
the data set consisting of 1566 observations per attribute was systematically stratified into parameteri-
zation and valuation subsets. The results revealed that the parameters of the Hoerl-based compound
exponential model varied by tree-size indicating the presence of significant (p 6 0.05) size-dependence
in fibre attribute developmental trajectories. Statistical measures of model performance and associated
graphical analysis of the final specifications indicated that the models performed well in terms of
accounting for a relatively large proportion of variation (61–88%), unbiasedness and predictive ability
(e.g., temporal invariant patterns in absolute and relative prediction errors). These results and related
inferences demonstrated the utility of quantifying size-dependent fibre developmental trajectories
employing hierarchical linear models.
Crown Copyright  2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Plantation establishment is the principal regeneration strategy
underlying basic, intensive and elite silvicultural treatment proto-
cols employed throughout the central region of the Canadian
Boreal Forest Region (Bell et al., 2008). These strategies attempt
to optimize the temporal flow of end-products in terms of maxi-
mizing their quantity, quality and value throughout the rotation.
Largely due to its wide ecological amplitude which allows it to
successfully occupy a diverse range of boreal sites along with its
historical commercial importance as the primary feedstock fornumerous industrial conversion facilities (e.g., pulp and paper
mills, sawmills), black spruce (Picea marina (Mill.) B.S.P.) has been
one of the most frequently planted species over the last 25 years
(NFD, 2015). Operationally, plantations are established at nominal
spacings of approximately 2500 stems/ha (2  2 m spacing) with
the anticipation that further silvicultural interventions will be
required (e.g., implementation of commercial thinning (CT) treat-
ments under intensive and elite silvicultural regimes (Bell et al.,
2008)). Additional factors including projected wood supply deficits
and a paradigmatic shift from a volumetric yield maximization
objective towards a product value maximization objective
(Emmett, 2006), has also increased the interest in the application
of CT (e.g., McKinnon et al., 2006; Zhang and Koubaa, 2008).
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developmental trajectory that results in a reduction in mortality
rates within the merchantable size-classes and an enhancement
of rotational end-product quality. The interim yields from CT treat-
ments also represents a potential source of supplemental fibre for
pulp production (e.g., Watson and Hatton, 1996; Hatton and Johal,
1996; Klungness et al., 2006), small dimensional lumber products
(Zhu et al., 2007), and engineered wood and bioenergy products
(e.g., i-beams and wood pellets, respectively). However, with the
possible exception of wood density (e.g., Alteyrac et al., 2005;
Wei et al., 2014), the current lack of a quantitative description of
the developmental progression of commercially-relevant fibre
attributes within these stand-types has limited the ability of forest
managers to forecast the end-products arising from CT residues.
The main anthropogenic factors which influence the formation
of the internal fibre attributes that are under forest management
control include initial spacing, thinning and tree improvement
(e.g., Kang et al. (2004), Watt et al. (2011) and Lenz et al. (2010),
respectively). The principal determinants governing the quality,
quantity and value of end-products from individual coniferous
trees at the time of thinning or final harvest consists of the (1)
external morphometric characteristics such as size, knottiness,
sweep and taper, and (2) internal anatomical attributes such as
density (wd), microfibril angle (ma), modulus of elasticity (me), fibre
coarseness (co), tracheid wall thickness (wt), tracheid radial and
tangential diameters (dr and dt, respectively), specific surface area
(sa), and tracheid length (Bowyer et al., 2007). Consequently,
understanding the temporal development and response patterns
of these attributes to intensive forest management treatments is
a basic prerequisite for deriving optimal crop plans which aspire
to maximize value by controlling end-product quantity and
quality.
Thus the objective of this study was to quantitatively describe
the temporal development patterns of commercially-relevant fibre
attributes within maturing black spruce plantations. Note, results
from a concurrent research investigation has quantified the static
and dynamic correlative structures among attributes and identified
size-dependent variability in attribute developmental patterns,
within black spruce plantations. These prerequisite research find-
ings which will be reported on separately were used to guide the
selection of the modeling approach introduced in this study: a
two-stage hierarchical linear model specification (Bryk and
Raudenbush, 1987). The resultant relationships were also used to
generate size-dependent attribute developmental curves from
which relative comparisons with more mature stands were used
to infer end-product quality of potential CT residuals.2. Material and methods
2.1. Data acquisition, disk processing and fibre attribute determination
Breast-height (1.3 m) cross-sectional disks were obtained from
50 plantation-grown sample trees during the vegetative dormant
period following the 2006 and 2007 growing seasons. These trees
represented a sample subset derived from a concurrent taper and
growth modeling study (e.g., Newton and Sharma, 2008). The trees
were obtained from 5 even-aged monospecific black spruce planta-
tions that were situated on upland sites throughout Forest Sections
B9 (Superior) and B11 (Upper English River) of the Canadian Boreal
Forest Region (Rowe, 1972). All five plantations shared a common
silvicultural history: planted at approximately 2500 stems/ha
(2  2 m intertree spacing) during the 1965–1970 period on sites
which had been mechanically scarified. The plantations varied
slightly in terms of site productivity (mean/min/max site indices
(Carmean et al., 2006) of 16.4/14.8/18.3, respectively), dominantage (mean/min/max breast-height ages of 36/32/41, respectively),
stand densities (mean/min/max densities (stems/ha) of 3793/2514/
4701, respectively) and density-stress levels (mean/min/max
relative density indices (Newton, 2006) of 0.76/0.61/1.00, respec-
tively). The variation in stand density was attributed to differential
rates in natural ingress which occurred in the first few years
following plantation establishment.
In the field, the stratified random sampling design consisted of
establishing 3 variable-size circular temporary sample plots within
each plantation. The minimum plot size was set at 400 m2 in order
to obtain a minimum sample size of 80 trees per plot. In cases
where this threshold was not attained, plot size was increased by
100 m2 increments until a total of 80 trees were included. Within
each plot, all the biotic black spruce trees were sequentially
numbered and measured for diameter at breast-height (cm) from
which total basal area (m2/ha) and density (stems/ha) were
calculated. The basal area distribution was subsequently divided
into 5 quintile classes from which 1 sample tree was randomly
selected for destructive stem analysis. The selected trees did not
exhibit any visible deformities such as major forks, stem injuries
or dead or broken tops and were assumed to be plantation-origin
as determined by their spatial position (i.e., approximately equal
intertree distances to their closest 4 competitors). This stratified
random sampling design ensured that all size classes were repre-
sented and hence provided the appropriate sample population
for examining size-dependent differences in fibre attribute
developmental patterns.
Subsequent to felling each sample tree, diameter at breast-
height outside-bark (d; cm), total height (h; m), and live crown
ratio (cr (%); calculated as the length of the live crown divided by
total tree height and expressed as a percentage), were measured.
Descriptive statistics for these metrics were as follows (mean/
min/max): 12.2/5.4/24.8 cm, 10.9/6.7/17.9 m, and 59.4/37.2/96.7%
for d, h and cr, respectively. The sample trees were felled at ground
level and cross-sectional samples were obtained at stump height
(0.30 m), 0.5 m, 0.9 m, breast-height (1.3 m) and thereafter at
10% stem height intervals. The resultant 13 cross-sections from
each sample tree were then placed in burlap bags, transported
and permanently stored at 10 C until 24 h prior to laboratory
processing. For the purposes of this study, breast-height cross-
sections obtained from approximately 2 trees within each of the
5 basal area quintiles across the 3 plots within each plantation
were subjected to fibre analyses. In total, 50 breast-height cross-
sections were used (1 breast-height cross-section/tree  2 trees/
quintile  5 quintiles/plantation  5 plantations).
In the laboratory, a 2  2 cm transverse xylem sample was
extracted along the geometric mean diameter from each disk.
Age profiles were examined in order to determine the breast-
height cambial age at the time of sampling (denoted ac (yr)). Upon
examination, however, it was evident that 3 radial sequences may
have been from natural-origin ingress trees based on age inconsis-
tencies and hence they were removed from the analyses. The
mean, minimum and maximum values for ac of the remaining 47
trees were 33, 25 and 43 years, respectively. The anatomical char-
acterization of the fibre attributes along each radial sequence was
carried out using the Silviscan-3 system (Defo et al., 2009). Briefly,
Silviscan-3 is the latest iteration of the Silviscan system originally
developed by CSIRO’s (Commonwealth Scientific and Industrial
Research Organization, Australia) Forestry and Forest Products
Division. The system combines automatic image acquisition and
analysis (cell scanner), X-ray densitometry, and X-ray diffractome-
try, to determine a multitude of fibre characteristics. For the pur-
poses of this study, these included radial and tangential tracheid
diameters, tracheid wall thickness and specific surface area (as
determined via X-ray densitometry (Evans, 1994)), fibre coarseness
and density (as determined via X-ray densitometry (Evans, 1994)),
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1996)), and modulus of elasticity (as determined from a combina-
tion of the wood density estimate obtained from the X-ray densit-
ometry and the coefficient of variation on the intensity of the X-ray
diffraction profile (Evans, 2006)). Note, radial and tangential diam-
eters and wood density was determined at a 25 lm resolution
whereas microfibril angle was determined at a 5 mm resolution.
Table 1 provides a statistical summary of the fibre attributes of
the 47 sample trees at the time of sampling.
2.2. Computations and analyses
In order to control for intrinsic physiological-based age-
dependent effects on fibre attribute development among a group
of sample trees that differed in their chronological breast-height
ages due to differential rates of height growth development, cam-
bial age (number of annual rings from the pith) was employed as
the temporal variate of change in the first level hierarchical model
(level-one independent variable). The corresponding fibre attribute
value (level-one dependent variable) was represented by the pith-
to-bark cumulative annual ring-area-weighted moving average
value (Eq. (1)).
V ðliÞðkÞ ¼
Pi
j¼1v ðljÞðkÞaljPi
j¼1alj
ð1Þ
where V ðliÞðkÞ is the cumulative annual ring-area-weighted moving
average specific to the kth attribute and lth sample tree calculated
from cambial age 1 up to the ith cambial age, v ðljÞðkÞ is the mean
annual area-weighed value specific to the kth attribute, lth sample
tree and jth annual ring, and alj is the area of the jth annual ring
(mm2) specific to the lth sample tree. Note, the V ðliÞðkÞ value for a
given tree reflects the accumulated status of an attribute up to
the ith cambial age and hence can be used to indirectly infer the
composite end-product potential of a tree, if it was harvested at that
specific cambial age. The abbreviations,Wd,Ma,Me, Co,Wt, Dr, Dt and
Sa are used to denote the cumulative moving average values for
wood density, microfibril angle, modulus of elasticity, fibre coarse-
ness, tracheid wall thickness, tracheid radial diameter, tracheid
tangential diameter and specific surface area, respectively
(generically defined as V ðliÞðkÞ in Eq. (1)).
2.3. Modeling temporal developmental patterns
2.3.1. Model specification
Preliminary graphical analyses for the first hierarchical relation-
ship between cambial age and the cumulative value of each fibre
attribute by sample tree, indicated complex polymorphic nonlinear
trends which varied systematically with tree size (Fig. 1). Conse-
quently, 2 polymorphic-based functions and an exponential-
based specification were initially considered (sensu Ratkowsky,
1990): (1&2) quadratic and cubic polynomial exponential func-
tions; and (3) Hoerl’s (1954) compound exponential function.
The Hoerl’s function was included given that it has shown promiseTable 1
Statistical summary of the studied commercially-relevant fibre attributes at mid-rotation.
Variable Unit Mean Standard err
Wood density kg/m3 487.3 42.5
Microfibril angle  15.0 3.6
Modulus of elasticity GPa 13.0 2.7
Coarseness lg/m 332.4 31.2
Wall thickness lm 2.3 0.2
Tracheid radial diameter lm 27.6 2.0
Tracheid tangential diameter lm 25.9 1.4
Specific surface area m2/kg 336.1 25.0in describing complex nonlinear patterns (e.g., Daniel and Wood,
1980).
These 3 regression specifications were evaluated on the basis of
goodness-of-fit, lack-of-fit and predictive ability measures. Specif-
ically, each of these models were fitted to the individual tree-based
trajectories for each variate and subsequently assessed on the basis
of the proportion of variation in the dependent variable explained,
unbiasness and prediction error. The results from this evaluation
indicated that among the 3 models, the Hoerl’s (1954) model
specification was superior (Eq. (2)).
V ðliÞðkÞ ¼ a0lðkÞa
a1lðkÞ
cðliÞ e
a2lðkÞ acðliÞeðliÞðkÞ ð2Þ
where amlðkÞ , m = 0, 1, 2 are model parameters specific to the kth
attribute and lth sample tree, acðliÞ is the ith cambial age specific
to the lth sample tree, and eðliÞðkÞ is a random error term specific to
kth attribute, lth sample tree and ith cambial age. Further examina-
tion of the model indicated the presence of a slight trend in predic-
tion biases with increasing cambial age for the relationships
developed for the fibre variates Co,Wt, Dr, Dt and Sa. Hence, for these
attributes, an exponential square term was added to Hoerl’s (1954)
model, which yielded Eq. (3).
V ðliÞðkÞ ¼ a0lðkÞa
a1lðkÞ
cðliÞ e
a2lðkÞ acðliÞþa3lðkÞ a
2
cðliÞeðliÞðkÞ ð3Þ
where a3lðkÞ is a model parameter specific to the kth attribute and lth
sample tree. Following logarithmic transformations, ordinary least
squares parameter estimates were initially obtained for each attri-
bute by tree. The relationship between these parameter estimates
and cumulative tree size (diameter at breast-height (db)) was
assessed graphically and statistically (via correlation analyses) in
order to inform the selection of the functional specification to be
used at the second hierarchical level. These results indicated linear
relationships between the first-level coefficients and the second-
level variable. Consequently, the hierarchical model specifications
were formulated as follows.
Based on Eqs. (2) and (3), the first-level hierarchical models
were described in their logarithmically transformed variants:
Eqs. (4) and (5), respectively.
logeðV ðliÞðkÞ Þ ¼ loge p0lðkÞ þ p1lðkÞ logeðacðliÞÞ þ p2lðkÞacðliÞ
þ log eðliÞðkÞ ð4Þ
logeðV ðliÞðkÞ Þ ¼ loge p0lðkÞ þ p1lðkÞ logeðacðliÞÞ þ p2lðkÞacðliÞ þ p3lðkÞa2cðliÞ
þ log eðliÞðkÞ ð5Þ
where pmlðkÞ , m = 0, 1, 2, 3 are first-level change parameters specific
to the kth attribute which vary across sample trees, and log eðliÞðkÞ is
a random error term at the ith cambial age for the lth sample tree
specific to the kth attribute that is assumed to be (1) normally dis-
tributed with a mean of zero, and (2) uncorrelated across sample
trees. The second-level models, describing the size-dependent
effects on the pmlðkÞ change parameters in Eqs. (4) and (5) are given
by Eqs. (6) and (7), respectively.or Minimum Maximum Coefficient of variation (%)
399.7 574.3 8.7
9.4 23.6 23.9
8.5 18.0 20.4
249.7 379.4 9.4
1.9 2.6 7.9
22.7 33.5 7.1
22.6 29.0 5.4
305.0 400.8 7.4
Fig. 1. Three-dimensional visualization of tree-specific temporal developmental trends graphically illustrating patterns of change in attribute-specific cumulative area-
weighted moving average values with increasing cambial age and tree size.
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pmlðkÞ ¼ bm0ðkÞ þ bm1ðkÞdbðlÞ þ UmlðkÞ where m ¼ 0;1;2;3 ð7Þ
where bmnðkÞ , n = 0, 1 are second-level parameters specific to the kth
attribute which represents the effect of tree size (db) on the mth
level-one parameter, and UmlðkÞ is the second-level random effect
error specific to the mth parameter, lth sample tree and kth attri-
bute. Incorporating Eq. (6) into and Eq. (4), and Eq. (7) into Eq.
(5), results in the hierarchical linear model specifications, Eqs. (8)
and (9), respectively.logeðV ðliÞðkÞ Þ ¼ b00ðkÞ þ b01ðkÞdbðlÞ þ b10ðkÞ logeðacðliÞÞ
þ b11ðkÞdbðlÞlogeðacðliÞÞ þ b20ðkÞacðliÞ þ b21ðkÞdbðlÞacðliÞ
þ U0lðkÞ þ U1lðkÞ logeðacðliÞÞ þ U2lðkÞacðliÞ þ logeðeðliÞðkÞ Þ ð8Þ
logeðV ðliÞðkÞ Þ ¼ b00ðkÞ þ b01ðkÞdbðlÞ þ b10ðkÞ logeðacðliÞÞ
þ b11ðkÞdbðlÞlogeðacðliÞÞ þ b20ðkÞacðliÞ þ b21ðkÞdbðlÞacðliÞ
þ b30ðkÞa2cðliÞ þ b31ðkÞdbðlÞa2cðliÞ þ U0lðkÞ þ U1lðkÞ logeðacðliÞÞ
þ U2lðkÞacðliÞ þ U3lðkÞa2cðliÞ þ logeðeðliÞðkÞ Þ ð9Þ
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0 ¼ 0;1;2;3 and j0 ¼ 0;1 are model parameters specific
to the kth attribute. Statistically, empirical Bayes estimates were
obtained for the first-level coefficients, generalized least squares
estimates were obtained for the second-level coefficients, and
maximum-likelihood estimates were obtained for the variance
and covariance components (sensu Raudenbush et al., 2011). The
parameter estimates from the first-level regression relationships
were treated as random whereas the parameter estimates from
the second-level relationships were treated as fixed.
2.3.2. Model specification and parameterization
Inherent in the use of the cumulative moving average is the
presence of serial correlation between consecutive values within
a given sequence. Empirically, this was verified for each sample
tree using partial autocorrelation coefficients: first-order serial
correlation (p 6 0.05) between consecutive values was present
for all individual tree attribute sequences when using the complete
time series. Thus in order to avoid erroneous inferences regarding
the significance of the parameter estimates when serial correlation
is present while retaining the hierarchical analytical framework,
the time series were reduced by systematically removing consecu-
tive values at various temporal lags until the presence of serial
correlation was virtually eliminated. Specifically, results indicated
that partial autocorrelation coefficients were largely insignificant
(p < 0.05) when sequences were composed of cambial ages of 1,
4, 7, . . . ,n; hence all sequences were reduced accordingly. These
reduced series comprised the estimation data subset that was used
to calibrate the models whereas the removed values were used to
construct the validation data subset that was used to evaluate the
parameterized models.
Parameters for each attribute-specific model (Eqs. (8) and (9))
were estimated employing the hierarchical linear and nonlinear
modeling program developed by Raudenbush et al. (HLM7;
2011). Deploying the protocol established by Raudenbush and
Bryk (2002), the full models were parameterized and subsequently
evaluated on the significance of the fixed effects (db) using both
univariate and multivariate tests of significance. In order to ensure
convergence when parameterizing Eq. (9), the parameter for the
square term ðp3lðkÞ Þ was treated as fixed. The specification proce-
dure used to select the final model forms consisted of removing
insignificant terms (p > 0.05) in an iterative fashion until the
re-parameterized models only consisted of variables that were
significantly (p 6 0.05) contributing to explaining the variation in
the dependent variable. This approach is analogous to the back-
ward variable selection commonly used in stepwise regression
analysis (Neter et al., 1990).
The final model forms were then evaluated for compliance to
the underlying statistical assumptions according to the protocol
advanced by Raudenbush and Bryk (2002): (1) constant variance
as determined from the test statistic for homogeneity; (2) signifi-
cant size-dependent fixed effects as determined using multivariate
contrasts (e.g., testing the null hypothesis that the b01ðkÞ ¼
b11ðkÞ ¼ b21ðkÞ ¼ 0 versus the alternative hypothesis b01ðkÞ ¼
b11ðkÞ ¼ b21ðkÞ – 0 for Eq. (8), or the null hypothesis
b01ðkÞ ¼ b11ðkÞ ¼ b21ðkÞ ¼ b31ðkÞ ¼ 0 versus the alternative hypothesis
b01ðkÞ ¼ b11ðkÞ ¼ b21ðkÞ ¼ b31ðkÞ – 0 for Eq. (9)); (3) exploratory analysis
of potential level-two predictors (i.e., testing the null hypothesis
that the effect of the removed level-two predictor(s) to the overall
model was nonsignificant (bm1ðkÞ ¼ 0, where m = 0, 1 or 2) versus
the alternative hypothesis that the removed level-two predictor
(s) was significant (bm1ðkÞ – 0, where m = 0, 1 or 2)); and (4)
significant random effects (i.e., testing the null hypothesis that
the level-one parameters included random variation among
individual trees (UmlðkÞ – 0) versus the alternative hypothesis ofno random variation among individual trees was present
(UmlðkÞ = 0)).
Given the potential serial correlation effect embedded in the
use of the cumulative moving average (inertia) as a response vari-
able, evaluating the absence of serial correlation among the level-
one residuals was a critical aspect of the model assessment process
due to its consequential effects on statistical inference in regards to
variable selection (i.e., produces inefficient estimators without the
minimum variance best linear unbiased estimator property when
present). Thus the presence of serial correlation among the empir-
ical Bayes residuals derived from the first-level models was
assessed employing partial autocorrelation coefficients (i.e., deter-
mining the significance (p 6 0.05) of correlation between adjacent
values within each sequence by attribute) and by residual regres-
sions. This latter technique is based on the potential presence of
a 1st order autocorrelation scheme among adjacent residuals
(Gujarati, 2006): etþ1 ¼ pet þ va where et+1 and et are the residual
values at cambial ages ac + 3 and ac, respectively, p is the 1st order
autocorrelation coefficient (1 6 p 6 +1) and va is a random error
term. Analytically, the attribute-specific residual values at each
cambial age along each sequence (et) and its corresponding adja-
cent one (et+1) where used to fit the etþ1 ¼ q^et þ va regression
model. Significant (p 6 0.05) regressions indicate the presence of
first-order serial correlation and the parameter estimate p^ reflects
the magnitude of that correlation. Conversely, if the regression was
not significant (p < 0.05) suggests the absence of serial correlation.
The parameterized models were also assessed for the presence of
potential outliers and influential observations, and overall fit in
terms of detecting systematic biases and homogeneity of variance,
using raw residual scatterplots. The proportion of variation
explained by the regression models in their untransformed form
and corresponding observed-predicted scatterplots were used to
evaluate overall predictive ability.
2.3.3. Model evaluation: goodness-of-fit, lack-of-fit, and predictive
ability
Employing the validation data subset, the retransformed
parameterized models were assessed using goodness-of-fit, lack-
of-fit, and prediction error indices: (1) index of fit squared (I2)
which quantifies the proportion of variability in the dependent
variable explained by the retransformed model and is analogous
to the coefficient of determination, was employed as an overall
goodness-of-fit measure (Eq. (10)); (2) lack-of-fit was determined
through the analysis of the pattern of mean absolute bias
(Ba; Eq. (11)) and mean relative bias (Br; Eq. (12)) along with their
confidence intervals (Eq. (13)), with increasing cambial age; and
(3) predictive accuracy was evaluated employing absolute and
relative prediction error intervals (Eq. (14); Reynolds, 1984;
Gribko and Wiant, 1992).
I2ðkÞ ¼ 1
PL
l¼1
PnðkÞ
i¼1ðV ðliÞðkÞ  V^ ðliÞðkÞ Þ
2
PL
l¼1
PnðkÞ
i¼1ðV ðliÞðkÞ  V ð::ÞðkÞ Þ
2 ð10Þ
BaðkÞ ¼
PL
l¼1
PnðkÞ
i¼1ðV ðliÞðkÞ  V^ ðliÞðkÞ ÞPL
l¼1
PnðkÞ
i¼1li
ð11Þ
BrðkÞ ¼
PL
l¼1
PnðkÞ
i¼1 100
ðVðliÞðkÞ V^ðliÞðkÞ Þ
VðliÞðkÞ
 
PL
l¼1
PnðkÞ
i¼1li
ð12Þ
Ba;rðkÞ 
Sa;rðkÞ  tðnðkÞ1;0:975Þﬃﬃﬃﬃﬃﬃﬃ
nðkÞ
p ð13Þ
Ba;r 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1=nþ 1=np
q
 Sa;rðkÞ  tðnðkÞ1;0:975Þ ð14Þ
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original untransformed form for the kth attribute at the ith cambial
age for the lth sample tree, and n(k) is the number of predicted-
observed pairs specific to the kth attribute utilized, Sa,r(k) is the
standard deviation of the absolute (Sa(k)) or relative (Sr(k)) biases
specific to the kth attribute, tðnðkÞ1;0:975Þ is the 0.975 quantile of the
t-distribution with n(k) 1 degrees of freedom specific to the kth
attribute, and np is the number of future predictions considered
(i.e., np = 100). The temporal-based lack-of-fit and prediction error
metrics were calculated for all cambial ages which had a minimum
of 11 observations (sensu Gribko and Wiant, 1992). In addition, a
secondary data-centric measure of systematic bias, as inferred from
the linear relationship between the observed and predicted values,
was utilized (sensu Ek and Monserud, 1979). Lastly, parameter
estimates for the final model specifications calibrated using the full
data set were also reported and exemplified graphically for 3
specific size classes (i.e., small, medium and large sized trees as
determined from the observed db range).3. Results
3.1. Model specifications, parameter estimates and statistical
compliance with assumptions
Attribute-specific parameter estimates and associated regres-
sion statistics including the results from the assessment of serial
correlation are presented in Table 2. The resultant models included
only significant (p 6 0.05) fixed effects as determined from univari-
ate and multivariate tests of significance and exploratory analysis
of second-stage predictors (sensu Raudenbush and Bryk, 2002).
Random effects that were determined to be significant (p 6 0.05)
were indicative of the presence of random variation among indi-
vidual trees that could be partially explained by the second-stage
predictors. Serial correlation was largely absent according to the
low frequency of significant (p 6 0.05) partial autocorrelation coef-
ficients (3.2%) and residual regressions (7.7%). Graphical examina-
tion of residual scatterplots which illustrated a lack of systematic
bias supported the non-rejection of the homogeneity of variance
assumption. The proportion of variation explained by the regres-
sion models in their untransformed form, as measured by the
index of fit, ranged from 0.966 to 0.980 with an overall mean of
0.971. Furthermore, graphical examination of the observed versus
predicted values (not shown), suggested close conformity to the
diagonal line of equivalence, for each attribute.Table 2
Parameter estimates and associated statistics for the attribute-specific hierarchical linear
Attributea
(model)
Parameter estimateb
b00 b
0
00 b01 b10 b11 b
Wd (Eq. (8)) 6.582575 722.39711 0.007474 0.109166 0.001981 0
Ma (Eq. (8)) 3.427917 30.855561 ns 0.220683 0.011279 
Me (Eq. (8)) 1.780871 5.943487 0.280382 0.011825 0.010661 n
Co (Eq. (9)) 6.265492 526.48719 0.015682 0.460996 ns 0
Wt (Eq. (9)) 1.262631 3.536159 0.010042 0.287464 ns 0
Dr (Eq. (9)) 3.025869 20.61923 ns 0.134760 0.004129 0
Dt (Eq. (9)) 3.599427 36.586049 0.010677 0.259844 ns 0
Sa (Eq. (9)) 5.338623 208.30389 0.012828 0.299876 ns 
Note, ns and na denote parameter estimates that were non-significant (p < 0.05) and no
a Wd,Ma,Me, Co,Wt, Dr, Dt and Sa denote the cumulative moving average for wood dens
tracheid radial diameter, tracheid tangential diameter and specific surface area, respect
b Attribute-specific parameter estimates obtained from hierarchical linear regression a
bias introduced via the logarithmic transformation (Sprugel, 1983): b000 ¼ eb00þSEE
2=2.
c SEE denotes the standard error of estimate in loge units specific to the kth attribu
autocorrelation coefficients ðað1ÞÞ between consecutive residual values at the individu
relationships between consecutive residual values at the individual tree level; I2 is the i3.2. Model performance indicators: goodness-of-fit, lack-of-fit and
predictive ability
The goodness-of-fit, lack-of-fit, and prediction error indices
generated employing the validation data subset, are provided in
Table 3. The goodness-of-fit metric I2 suggested acceptable fits
given that the values ranged from 0.612 to 0.880 with an overall
mean of 0.705. As expected, these values were below those
reported for the models parameterized using the calibration data
subset (Table 2). However the values did vary among the
attributes, resulting in the following ranking: Dr >Me >Wd >Ma >
Dt >Wt > Co > Sa. The secondary measure of systematic basis
employing the observed-predicted regression relationship, indi-
cated that the intercept and slope values were not significantly
(p 6 0.05) different from zero and unity, respectively, for 7 of the
8 attributes. Only the model for Dr failed to meet this criterion.
Further graphical examination of this relationship in terms of
residual patterns revealed the presence of potential outliers,
however there was insufficient statistical evidence to remove them
at the 0.05 probability level (Neter et al., 1990).
Lack-of-fit was assessed via the graphical examination of the
temporal pattern of absolute and relative biases with increasing
cambial age. Specifically, Fig. 2a illustrates the attribute-specific
temporal trends in mean absolute bias with associated 95% confi-
dence intervals whereas Fig. 2b presents attribute-specific tempo-
ral patterns in mean relative bias and associated 95% confidence
intervals. Examination of the absolute and relative biases on an
individual attribute basis indicated the absence of systematic
lack-of-fits. Furthermore, with very few exceptions, the biases
were not significantly (p 6 0.05) different from zero, as inferred
by the lack of non-overlapping confidence intervals. The relative
biases were generally below 10% for the majority of the cambial
ages assessed. Comparisons among the attributes in terms of rela-
tive biases indicated that the model developed forMe exhibited the
greatest range whereas the model developed for Dr exhibited the
least. The increased width of the confidence intervals at the oldest
cambial ages (i.e., 35 and 36) for both bias types irrespective of
attribute, was partially due to the reduced number of observations
available at these later ages (i.e., 12 and 11 observations available
at cambial ages of 35 and 36, respectively, versus 47 observations
available for cambial ages 1–24, and greater than 26 but less than
47 observations available for cambial ages 25–33).
Predictive accuracy was assessed using absolute and relative
prediction errors (Reynolds, 1984; Gribko andWiant, 1992). Table 3
provides attribute-specific 95% confidence limits for both errormodels (Eqs. (8) and (9)) parameterized employing the calibration data subset.
Statisticsc
20 b21 b30 b31 SEE nað1Þ nðrÞ I
2
.004917 ns na na 0.026 2 3 0.971
0.016524 ns na na 0.053 6 10 0.977
s ns na na 0.053 4 4 0.980
.060031 0.000711 0.000877 ns 0.038 0 1 0.966
.033247 ns 0.000359 ns 0.029 0 1 0.973
.036393 ns 0.000588 ns 0.027 2 8 0.966
.022490 0.000944 0.000255 0.000012 0.022 0 1 0.967
0.031789 0.000295 0.000412 ns 0.027 0 1 0.966
n-applicable to the model specification used, respectively.
ity, microfibril angle, modulus of elasticity, fibre coarseness, tracheid wall thickness,
ively.
nalyses. Note, the intercept parameter estimates includes a correction factor for the
te (Table 1); nað1Þ denotes the number of significant (p 6 0.05) first-order partial
al tree level; nr denotes the number of significant (p 6 0.05) residual regression
ndex of fit squared (Eq. (10)).
Table 3
Goodness-of-fit statistics and overall predictive ability of the transformed attribute-specific hierarchical linear models.
Attributea Goodness-of-fit statistics 95% Prediction error confidence limitsd
I2b Hypothesesc Absolutee Relative (%)
a0 ¼ 0 a1 ¼ 1 Lower Upper Lower Upper
Wd 0.738 H0 H0 12.021 5.177 1.668 1.676
Ma 0.724 H0 H0 1.296 0.444 2.413 7.443
Me 0.744 H0 H0 0.607 0.219 2.320 5.881
Co 0.616 H0 H0 8.482 5.257 1.557 2.620
Wt 0.626 H0 H0 0.058 0.026 1.723 1.855
Dr 0.880 H0 H0 0.249 0.362 0.596 1.739
Dt 0.698 H1 H1 0.351 0.264 0.949 1.257
Sa 0.612 H0 H0 5.993 4.991 1.172 2.153
a Wd,Ma,Me, Co,Wt, Dr, Dt and Sa denote the cumulative moving average for wood density, microfibril angle, modulus of elasticity, fibre coarseness, tracheid wall thickness,
tracheid radial diameter, tracheid tangential diameter and specific surface area, respectively.
b I2 is the index of fit squared (Eq. (10)).
c Based on the simple linear regression relationship between transformed observed (y) and predicted (x) values (y ¼ a0 þ a1xþ e where e is an error term), testing the (1)
null hypotheses that a0 ¼ 0 versus the alternative hypothesis a0 – 0 where H0 and H1 denote the non-rejection and rejection of the null hypothesis at the 0.05 probability
level, and (2) null hypotheses that a1 ¼ 1 versus the alternative hypothesis a1 – 1 where H0 and H1 denote the non-rejection and rejection of the null hypothesis at the 0.05
probability level.
d 95% confidence limits for absolute and relative prediction errors (Eq. (14)).
e Absolute error units are specific to each attribute: kg/m3, , GPa, lg/m, lm, lm, lm, and m2/kg for Wd, Ma, Me, Co, Wt, Dr, Dt and Sa, respectively.
P.F. Newton / Forest Ecology and Management 381 (2016) 1–16 7types across all cambial ages and tree-sizes. These limits imply that
there is a 95% probability that the mean error generated from 100
new predictions would fall between these limits. There was a slight
differentiation among the attributes in terms of the absolute width
of the relative intervals: Dt < Dr < Sa <Ma <Wd <Wt < Co <Me. Over-
all, these limits indicated that the absolute and relative errors were
not significantly (p 6 0.05) different from zero, indicating that
the models were unbiased predictors. The temporal pattern of
the mean absolute and relative prediction error and associatedFig. 2a. Model evaluation – lack-of-fit analysis: attribute-specific temporal p95% confidence intervals are presented in Figs. 3a and 3b, respec-
tively. The attribute-specific temporal patterns and the magnitude
of the errors among the attributes followed that described for the
temporal lack-of-fit trends. Specifically: (1) with very few
exceptions, the prediction errors were not significantly (p 6 0.05)
different from zero, as inferred by overlapping confidence
intervals; (2) relative errors were generally below 10% for the
majority of the cambial ages assessed; (3) there was a lack of sys-
tematic trends with increasing cambial age for both error types;rofiles of mean absolute bias with associated 95% confidence intervals.
Fig. 2b. Model evaluation – lack-of-fit analysis: attribute-specific temporal profiles of mean relative bias with associated 95% confidence intervals.
8 P.F. Newton / Forest Ecology and Management 381 (2016) 1–16and (4) although the width of the intervals was greatest at the last
2 cambial ages, this was most plausibly attributed to the reduced
number of observations available at those ages. The notable
difference among the attributes that could be attributed to the
model specification employed, was the prediction bias evident at
the beginning of the Dr trajectory before a cambial age of 5.
Combined with the resultant secondary goodness-of-fit metric
which indicated a potential deficiency in model performance with
respect to predicting Dr, suggests that alternatives to the modified
Hoerl’s (1954) specification for this specific attribute may be an
area worthy of further investigation.
3.3. Presentation and interpretation of size-dependent temporal
development trajectories
Fig. 4a graphically illustrates the calibrated two-stage hierarchi-
cal linear models exemplifying the size-dependent nature of
developmental variation for each attribute. Although nonlinear
developmental trajectories were observed for all attributes
irrespective of tree-size, the trajectories did exhibit size-related
differences in terms of curve shape and rate of change. The trajec-
tories for Wd, Ma, Me, Wt, and Dr exhibited early separation among
size classes. Conversely, the trajectories for Co and Dt intersected
briefly at cambial ages of 23 and 14, respectively. Complete conver-
gence among size classes was only observed for Sa which occurred
at the last cambial age considered (i.e., 40). The following infer-
ences were exacted from Fig. 4a: (1) Wd decreased with increasing
cambial age, the rate of decrease varied directly with tree-size, and
smaller-sized trees had an higher overall wood density than larger-
sized trees for any given cambial age; (2) Ma decreased with
increasing cambial age, the rate of decrease was greater for smallerthan larger sized trees, and smaller-sized trees had an overall
lower microfibril angle than larger-sized trees at any given cambial
age; (3) Me increased with increasing cambial age, the rate of
increase was greater for smaller than larger sized trees, and
smaller-sized trees had an overall higher degree of stiffness than
larger-sized trees at any particular cambial age; (4) Co and Dt
exhibited the greatest complexity in terms of their temporal trajec-
tories, i.e., initial rapid declines, reaching a lower asymptote,
intersecting and then attaining an upper asymptote which was
then followed by a slight decline; at the conclusion of the temporal
range considered (cambial age of 40), fibre coarseness and tracheid
tangential diameters were greater in larger-sized trees than in
smaller-sized trees; (5) Wt decreased with increasing cambial
age, the rate of decrease was greater for larger than smaller sized
trees, and smaller-sized trees had thicker tracheid walls than
larger-sized trees at any specific cambial age; and (6) Dr increased
with increasing cambial age with the rate of increase varying
directly with tree-size, and larger-sized trees had an overall greater
radial diameter than smaller-sized trees for any given cambial age.
Table 4 provides the parameter estimates and associated
regression statistics for the final model forms parameterized
employing the full data set. Overall, the parameter estimates were
similar in terms of their sign and magnitude to those determined
using the calibration data subset (cf. Table 4 with Table 2). Like-
wise, the magnitude of the regression statistics was also comparable
(i.e., contrasting standard error of estimates and the index-of-fit
metrics from Table 4 to those reported in Table 2). Fig. 4b provides
a graphical illustration of these fitted models by attribute and
size-class. The attribute-specific size-dependent trajectories were
in accord with those observed for the models parameterized
employing the calibration data subset (cf. Fig. 4a with Fig. 4b).
Fig. 3a. Model evaluation – predictive ability: attribute-specific temporal profiles of mean absolute prediction error with associated 95% confidence intervals.
Fig. 3b. Model evaluation – predictive ability: attribute-specific temporal profiles of mean relative prediction error with associated 95% confidence intervals.
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Table 4
Parameter estimates and associated statistics for the attribute-specific hierarchical linear models (Eqs. (8) and (9)): parameterized employing the full data set.
Attributea (model) Parameter estimateb Statisticsc
b00 b
0
00 b01 b10 b11 b20 b21 b30 b31 SEE I
2
Wd (Eq. (8)) 6.580158 720.88023 0.006390 0.112815 0.002305 0.005458 – na na 0.025 0.955
Ma (Eq. (8)) 3.449149 31.50713 – 0.231218 0.011037 0.015664 – na na 0.046 0.974
Me (Eq. (8)) 1.776043 5.913944 0.284520 0.011866 0.010428 – – na na 0.050 0.981
Co (Eq. (9)) 6.266346 526.95808 0.015624 0.462708 – 0.060269 0.000706 0.000878 – 0.039 0.922
Wt (Eq. (9)) 1.26260 3.536127 0.010179 0.287214 – 0.033275 – 0.000358 – 0.029 0.941
Dr (Eq. (9)) 2.995490 20.001855 – 0.111272 0.004128 0.033831 – 0.000559 – 0.026 0.963
Dt (Eq. (9)) 3.652943 38.599642 0.012579 0.279593 – 0.022288 0.001104 0.000238 0.000015 0.024 0.913
Sa (Eq. (9)) 5.332084 206.94933 0.013418 0.299309 – 0.031385 0.000316 0.000407 – 0.028 0.950
Note, na denotes a non-applicable parameter according to the model specification used.
a Wd,Ma,Me, Co,Wt, Dr, Dt and Sa denote the cumulative moving average for wood density, microfibril angle, modulus of elasticity, fibre coarseness, tracheid wall thickness,
tracheid radial diameter, tracheid tangential diameter and specific surface area, respectively.
b Attribute-specific parameter estimates obtained from hierarchical linear regression analyses. Note, the intercept parameter estimates includes a correction factor for the
bias introduced via the logarithmic transformation (Sprugel, 1983): b000 ¼ eb00þSEE
2=2.
c SEE denotes the standard error of estimate in loge units specific to the kth attribute (Table 1); I2 is the index of fit squared (Eq. (10)).
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The results of this study indicated that the temporal pattern of
cumulative development for wood density, microfibril angle, mod-
ulus of elasticity, fibre coarseness, tracheid wall thickness, tracheid
radial diameter, tracheid tangential diameter and specific surface
area within black spruce plantation trees, were nonlinear and
size-dependent. These attribute-specific trajectories were found
to be adequately described by a two-stage hierarchical linear
model specification. Specifically, goodness-of-fit, lack-of-fit and
predictive ability performance metrics, indicated that the resultant
models: (1) explained a moderate to high proportion of the varia-
tion in the dependent variables (e.g., ranging from 61% for specific
surface area to 88% for tracheid radial diameter; Table 3); (2)
exhibited no consequential patterns of systematic lack-of-fit
(Fig. 2); and (3) produced unbiased predictions (e.g., relative errors
ranging from 2.2% for tracheid radial diameter to 9.9% for microfib-
ril angle (Table 3; Fig. 3)). The cumulative moving average was
used to represent the accumulated status of each attribute up to
the ith cambial age. This composite metric is reflective of a tree’s
overall product potential if harvested at a given age and is useful
in damping the effects of annual variation on attribute values
arising from year-to-year fluctuations in growing conditions.
Additionally, the effects of intra-specific tree competition on
growth rate and by extension on fibre attribute variability, was
further reduced by the deployment of an absolute size-based
explanatory variable within the models (tree diameter).
The nonlinear patterns of the temporal developmental trajecto-
ries varied systematically by attribute and cumulative size with
respect to curve shape and rates of change: e.g., ranging from com-
plex nonlinear convergence patterns for specific surface area to
linear-like size-dependent declining trajectories for microfibril
angle (Fig. 4). The trajectories for wood density were consistent
with the Type II pith-to-bark developmental non-cumulative pro-
file espoused by Panshin and De Zeeuw (1980); i.e., an initial
decline from the pith outwards followed by an increase. Cumula-
tive values for the attributes most closely aligned with wood
strength and stiffness, i.e., wood density, modulus of elasticity,
and cell wall thickness, varied inversely with tree-size indicating
that wood within suppressed trees was stronger and stiffer than
that of larger-sized trees. Values for cumulative microfibrial angle
varied directly with tree-size and declined in an approximate lin-
ear fashion with increasing cambial age. Among all 8 attributes,
the cumulative trajectories for fibre coarseness and tracheid tan-
gential diameter exhibited the most complex developmental pat-
terns in terms of variable rates of change (e.g., rapid declines
followed by constant increases thereafter curvilinearly declining)and shifting size-dependence (e.g., shifting from directly to inver-
sely proportion within increasing cambial age). The trajectory for
tracheid radial diameter was polymorphic-like: rapidly increasing,
attaining an asymptote and thereafter declining. Specific surface
area was the only attribute for which the trajectories eventually
converged.
The most rapid period of change within the trajectories was
within the first decade of cambial growth, irrespective of attribute
or tree-size class (Fig. 4). This period corresponds an average
plantation age of less than 20 years assuming a 3–7 year growth
period for the trees to reach a height of 1.3 m (breast-height).
Based on projections derived from a structural stand density
management model (Newton, 2012), this coincides with the
approximate termination the juvenile corewood or crown-based
wood formation process, as the plantations approach crown-
closure status. These developmental patterns and associated
inferences are consistent with those reported in other studies:
juvenile-mature wood transition ages have been reported to range
from 11 to 21 years for black spruce (Yang and Hazenberg, 1994;
Alteyrac et al., 2006) which is also similar to that reported by
Lenz et al. (2010) for white spruce (Picea glauca (Moench) Voss).
The commonalities among the trajectories, irrespective of the
specific attribute or size-class considered, were that the (1) great-
est rates of change were observed during the juvenile wood
formulation phase, (2) lowest rates of change were observed
during the mature wood formulation phase, and (3) rates of change
continuously declined with increasing cambial age.
4.1. Modeling approach
Modeling annual developmental trends in fibre attributes is a
complex and analytical challenge as exemplified by previous mod-
eling studies (e.g., Pokharel et al., 2014; Cortini et al., 2014;
Townshend et al., 2015). Controlling for age-dependent (ontoge-
netic) and growth-dependent (environmental) influences on fibre
attributes is a complex endeavor when quantifying temporal pat-
terns of development. Attempts to include both ring area and cam-
bial age as predictor variables when specifying fibre attribute
prediction models have resulted in mixed success. For example,
Wei et al. (2014) used a two-stage mixed effects model to quantify
temporal patterns of annual wood density development. A total of
107 trees were sampled from the dominant, codominant and inter-
mediate crown classes within 13 mature (mean/min/max stand
ages of 98/60/138, respectively) fully-stocked natural-origin black
spruce stands that were also located in the central part of the Cana-
dian Boreal Forest Region (Rowe, 1972). The first stage consisted of
quantifying individual trajectories employing a Michaelis-Menton
Fig. 4a. Size-dependent temporal developmental trends of cumulative area-weighted mean values by attribute as described by the models parameterized using the
calibration data set (Table 2): triangles, squares and diamonds denote the model predicted trends for small (db = 9), medium (db = 14) and large (db = 19) diameter trees,
respectively.
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Fig. 4b. Size-dependent temporal developmental trends of cumulative area-weighted mean values by attribute as described by the models parameterized employing the full
data set (Table 4): triangles, squares and diamonds denote the trends for small (db = 9), medium (db = 14) and large (db = 19) diameter trees, respectively. The horizontal
dotted line denotes the nominal mean values representing an independent sample of mature black spruce trees located within the study region.
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Table 5
Relationships between fibre attributes and product-based performance indices (sensu
Bowyer et al., 2007).
Product Performance
index
Association with fibre attribute(s)
Solid wood and
composites
Stiffness / Density, modulus of elasticity
(microfibril angle)1
Strength / Density (microfibril angle)1
Pulp and paper Yield / Density
Collapsibility / Wall thickness
Sheet
formation
/ (Fibre length)1
Light
scattering
/ (Wall thickness)1
Bulk / Wall thickness (fibre width)1
Stretch / Microfibril angle
Tear strength / Fibre length, coarseness
Tensile
strength
/ Fibre length (wall thickness)1
Biomass Fuel value / Density
P.F. Newton / Forest Ecology and Management 381 (2016) 1–16 13specification where cambial age was used as the independent vari-
able. This model produced generally unbiased predictions and
described a moderate proportion of the variation (37%). The
second-stage consisted of relating first-stage parameter estimates
to a set of ring and tree level variables employing a combined
mixed-effects and seemingly unrelated regression parameteriza-
tion approach. The resultant combined model deploying ring width
as a second-stage dependent variable, explained only 17% of
variation. The rationale provided for the relatively poor fit of the
combined model was the intrinsic variability in density commonly
observed in black spruce.
In this study, a two-stage hierarchical linear model specification
along with the deployment of a composite response metric
(cumulative moving average) was introduced as an alternative
methodology for quantifying size-dependent fibre developmental
trajectories of a suite of wood properties that are explicitly related
to end-product recovery (Table 5; Bowyer et al., 2007). Specifically,
the first-sage of the hierarchical linear model specification con-
sisted of quantifying an individual tree’s cumulative fibre attribute
development trajectory, employing Hoerl’s (1954) compound
exponential regression model. The attribute-specific parameter
estimates derived from these models were then expressed as func-
tions of cumulative tree-size (breast-height diameter) in order to
incorporate size-dependent effects. This two-stage hierarchical lin-
ear model conceptualization essentially expresses the first-stage
parameter estimates, reflecting inherent individual differences
among trees plus random error (within-subject random-effects
model), as a function of second-stage variables. The second-stage
variables are assumed to underlie the observed variation in
first-stage parameter estimates among the individual trees
(between-subject fixed-effects model).
The size-dependent parameterized relationships for the attri-
butes examined in this study exhibited a considerable degree of
invariance towards the upper end of the cambial ages evaluated
(i.e., approximately 40 years). Although these trends would be
suggestive of a certain degree of determinance in terms of their
accumulative status, extrapolating the relationships beyond the
studied age range would require further empirical testing. Some
of most noteworthy practical aspects of applying the hierarchical
linear modeling approach is to ensure that the (1) phenomenon
under study has a hierarchical structure in terms of variability
among levels, (2) determinates influencing the variation at each
level are identifiable and quantifiable, and (3) chosen models
inclusive of the fixed and random error components are correctly
specified as inferred through inferential statistical testing.
Furthermore, the software that was used to specify, parameterize
and evaluate the hierarchical linear models (i.e., HLM 7;
Raudenbush et al., 2011) is readily available given its commercial
availability, well documented, and relatively easy to use once the
input data files have been structured to conform to the software
requirements.
More generally, hierarchical linear models (1) provides a precise
estimation of individual effects by incorporating group-level differ-
ences, (2) allows the partitioning of variance across hierarchical
levels, and (3) enables the assessment of cross-level interactions
(sensu Raudenbush and Bryk, 2002). The methodology falls within
a group of similar analytical approaches which attempt to model
variation at multiple hierarchical levels which includes mixed
effects linear and nonlinear modeling and random coefficient
regression approaches (Raudenbush and Bryk, 2002). Although
development and application of hierarchical linear models has
been largely concentrated within the social and health sciences
(e.g., Raudenbush, 2001), the ability to explicitly account for varia-
tion at multiple hierarchical levels lends itself to modeling individ-
ual change within nested data structures, commonly encountered
in forest research (e.g., ring attributes within cross-sections,cross-sections within trees, trees within stands, and stands within
forests).4.2. End-product potential
The end-products derived from coniferous forest tree species
can be largely characterized into one of two categories: (1) pulp
and paper products or (2) solid wood or wood composites prod-
ucts. These categories in addition to the teritary importance of
biomass for thermal energy production, have well defined
performance measures that are used to indicate the quality of
the potential products (sensu Bowyer et al., 2007). The quality of
pulp and paper products can be measured by their tensile strength,
tear strength, stretch, bulk, and light scattering, sheet formation,
and collapsibility characteristics. The quality of solid wood
products are similarly defined by measures such as lumber size,
knottiness, strength and stiffness. These performance measures
are directly related to the internal fibre characteristics of the trees
from which the end-products are extracted. These relationships,
for the fibre attributes examined in this study, are shown in
Table 5.
Although this relational framework is well established, the
actual threshold fibre attribute value for each of these performance
measures is not well defined for black spruce trees. Thus specifying
the precise end-product product potential is difficult. Literature-
based comparisons could provide some insight into the linkage
between attribute values of standing trees and those of finished
end-products. However, for the purposes of this study, it may be
more instructive to compare the attributes of the studied planta-
tions to those within trees situated in older and more mature
stands. The conceptual rationale for such an approach is that the
quality of attributes from natural-origin stands would be reflective
of the black spruce fibre resource that has historically provided
fibre that has met or exceeded end-product quality expectations
(e.g., Watson and Bradley, 2009). Hypothetically, if attributes from
the plantations at mid-rotation are not consequentially different
from rotational population-based values, then it would be reason-
able to infer that the end-product potential of commercial thinning
yields would not be dissimilar.
Thus in order to facilitate this comparison, results from an inde-
pendent wood quality sampling study that was conducted on
natural-origin mature stands located within the study region were
employed (Pokharel et al., 2014). This data set consisted of
Silviscan-3-based attributes determined from breast-height radial
xylem samples obtained from 111 trees sampled within 75 stands
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Forest Region. The stands were at a mature and late developmental
stage as evident from their structural characteristics at the time of
sampling: mean dominant height of 17.8 m (standard error/
minimum/maximum: 3.6/9.0/25.9); mean basal area of 27.4 m2/ha
(10.3/17.0/51.4); mean quadratic diameter of 16.7 cm (3.8/11.0/28.3);
and a mean density of 1324 stems/ha (577/750/2601). The mean
fibre attribute values from these stands were as follows: Wd
(kg/m3) of 537.3 (standard deviation (SD) = 49.9); Ma () of 12.8
(SD = 3.1); Me (GPa) of 14.9 (SD = 2.5); Co (lg/m) of 375.3
(SD = 38.5); Wt (lm) of 2.6 (SD = 0.3); Dr (lm) of 27.6 (SD = 1.4);
Dt (lm) of 26.4 (SD = 1.4); and Sa (m2/kg) of 300.7 (SD = 27.7).
Fig. 4b graphically presents these mean values within the context
of the size-dependent attribute-specific trajectories developed in
this study. Examination of these graphics reveal that the planta-
tions at mid-rotation had greater microfibrial angles within the
larger sized-trees and lower modulus of elasticities within medium
to larger-sized trees, than the average-sized tree growing in
natural-origin stands closer to rotation age. Wood density values
were lower for all three size classes examined, suggesting that
plantation thinning residues would be of lower quality in terms
of end-product strength. Similarly, the higher microfibial angles
within the larger-sized plantation trees are suggestive of potential
declines in pulp quality and weaker solid wood products. The
modulus of elasticity of the medium-sized and larger-sized
plantation trees were lower, suggesting a potential reduction in
end-product stiffness. Furthermore, fibre coarseness and cell wall
thickness were also lower for the plantation trees, irrespective of
diameter class. Radial and tangential diameters for smaller-sized
plantation trees were less than those observed in natural stands
whereas the specific surface areas of the plantation trees were
greater for all the three size classes considered. These comparisons
suggest that if commercial thinning at mid-rotation were to be
implemented within the studied plantations, the likelihood of
achieving traditional end-product potentials would vary inversely
with tree-size and by product category. Wood density, fibre coarse-
ness, cell wall thickness, and tracheid radial and tangential
diameters in the plantation trees at mid-rotation were less than
those observed in more mature stands. Operationally, commercial
thinning treatments at later stages of stand development do not
normally control for tree size since the commonly employed
technique of row thinning results in the removable of single or
multiple rows in their entirety. Consequently, thinning yields
would be expected to consist of a wide range of tree-sizes and
hence end-product potentials.
4.3. Silvicultural inferences
Biologically, the development of fibre attributes are under
strong ontogenetic control and hence are largely predetermined.
However, phenotypic plasticity driven by mechanical or hydraulic
requirements enables trees to modify their physiological processes
in order to maximize their survival probability (sensu Lachenbruch
et al., 2011). As evident by the differential patterns among the hier-
archical positions in terms of temporal developmental patterns,
suggests that black spruce exhibits a considerable range of pheno-
typic plasticity, particularly, in relation to its response to intertree
competition. Thus the potential to influence fibre attribute
development through the regulation of the density-dependent
suppression-dominance stratification process within plantations
via density control treatments, offers forest managers the opportu-
nity to manipulate not only fibre quantity but also fibre quality.
Evidence from other black spruce studies indicate that this species
is amenable to density control treatments in terms of managing
end-product quality (e.g., Reid et al., 2009; Tong et al., 2009). For
example, Zhang et al. (2002) assessed impact of initial spacing(1.8  1.8 m, 2.0  2.0 m, 2.2  2.2 m and 2.7  2.7 m) on lumber
grade yield and bending properties within a black spruce
plantation in northern Ontario after 48 years of development.
Treatment-induced differences in lumber grades, strength and
stiffness were reported. Collectively, the results from these studies
support maintaining plantations at site occupancies levels which
encourage natural pruning, minimize branch diameter growth
and hence resultant knot size, and reduce juvenile wood produc-
tion. Results from other investigations studying the effect of initial
spacing on fibre attributes and end-product quality also provide
confirmatory evidence on the benefits of establishing and main-
taining high initial densities in order to achieve rapid crown clo-
sure and minimize juvenile wood production, thereby improving
end-product quality (e.g., Norway spruce (Picea abies (L.) Karst;
Johansson, 1992), Jack pine (Pinus banksiana Lamb.); Kang et al.,
2004), and Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco; Rais
et al., 2014)). Results from studies investigating fibre attributes
of crop trees after commercial thinning treatments have been
applied have shown negligible effects on attributes, at least during
the first post-treatment decade. For example, Vincent et al. (2011)
analyzed decadal-based thinning responses of 58 year-old natural-
origin black spruce stands located in the eastern portion of the
Canadian Boreal Forest Region (Rowe, 1972). Although the results
indicated that there were no significant (p > 0.05) treatment effects
on wood density or stiffness following thinning, long-term post-
treatment assessments involving replicated experiments across a
species range are required before the effects of density manage-
ment treatments on fibre attributes can be definitively determined.
4.4. Further research
Recent advances in analytical technologies which provide
detailed descriptions of fibre characteristics at the annual ring level
have consequentially contributed to the understanding of wood
formation processes and associated patterns of development (e.g.,
SilviScan-3 (Defo et al., 2009)). The acknowledgement that among
the most important factors influencing the quality and quantity of
conventional end-products are wood density, microfibril angle,
modulus of elasticity, fibre coarseness, cell wall thickness, tracheid
dimensions (radial and tangential diameters) and specific surface
area (Bowyer et al., 2007), is one of primary reasons for the
increased efforts to develop fibre attribute prediction equations.
The inclusion of such equations within decision-support forecast-
ing systems and silvicultural decision-support models is a basic
prerequisite for facilitating the shift towards a value-added
product-based forest management paradigm (sensu Emmett,
2006). Decision-support models which exemplified this approach
include the SYLVER model developed for Douglas fir (Pseudotsuga
menziesii (Mirb.) Franco) and other coniferous species in western
Canada (Di Lucca, 1999), SILVA model built for Norway spruce
(Picea abies (L.) Karst.) and other conifers and deciduous species
in central Europe (Pretzsch et al., 2002), MOTTI model calibrated
for Scots pine (Pinus sylvestris L.) and other conifers in Finland
(Hynynen et al., 2005), FORSAT model parameterized for Pinus pat-
ula (Schiede ex Schlect. & Cham.) in South Africa (Kotze and Malan,
2007), and COFORD model developed for Sitka spruce (Picea
sitchensis (Bong.) Carr.) in Great Britain (Gardiner et al., 2011).
Analytically, the hierarchical linear modeling approach
employed in this study incrementally contributes these efforts
and more generally to the regression-based methods proposed
for quantifying fibre attribute development patterns (e.g.,
Pokharel et al., 2014; Cortini et al., 2014; Townshend et al., 2015).
The results of this study demonstrated that a two-stage hierar-
chical linear model specification was able to precisely describe the
size-dependent fibre developmental trajectories of plantation
black spruce trees. Specifically, the parameters of the most
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function) varied by tree-size at the second hierarchical level,
revealing the presence of size-dependence effects. This ability to
detect and account for size-dependent effects on tree-level fibre
attribute developmental trajectories demonstrates the utility of
hierarchical models in describing individual change throughout
the stand hierarchy. Furthermore, the statistical measures of model
performance indicated that the hierarchical models performed
well in terms of accounting for a relatively large proportion of
attribute variation, unbiasedness and predictive ability. The hierar-
chical linear modeling framework is flexible and could be
expanded to include silvicultural treatment effects, and (or)
additional hierarchical levels that reflect population-based deter-
minates that may influence fibre formulation processes (e.g., site
quality, stand density among others). Developing and integrating
such functions within crop planning decision-support systems will
comprise future research efforts.
5. Conclusions
Hierarchical linear models were used to detect and model size-
dependent development patterns in wood density, microfibril
angle, modulus of elasticity, fibre coarseness, tracheid wall thick-
ness, tracheid radial and tangential diameters and specific surface
area, within maturing black spruce plantations. Analytically, a
two-level model specification was deployed: (1) Hoerl-based com-
pound exponential functions were determined to be the most
applicable among a set of nonlinear first-level model alternatives;
and (2) and (1), second-level hierarchical models under fixed and
random error structures were successful in quantifying size-
dependent effects on the first-level parameter estimates. The
resulted models performed well in terms of unbiasedness, predic-
tive ability and accounting for attribute variation. A relative
comparison with population-based attribute values suggested that
although a proportion of the plantation trees would have commer-
cial utility at mid-rotation, end-product quality would likely vary
inversely with tree-size. Attaining definitive attribute-specific
threshold values for each performance index associated with the
range of plausible end-products, and expanding the modeling
approach to include higher hierarchical levels, are areas worth of
further investigation.
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